In the present study, an aerodynamic design optimization of UAV rotor blades was conducted using a genetic algorithm (GA) coupled with computational fluid dynamics (CFD). To reduce computational cost in finding optimum value using a genetic algorithm, a function approximation was applied using artificial neural networks (ANN) based on a radial basis function. Three dimensional and compressible ReynoldsAveraged Navier-Stokes (RANS) flow solver was used to analyze the flow around UAV rotor blades. Design variables such as pitch angle, chord length and thickness were adopted to perform aerodynamic design optimization. The objective functions were specified to maximize thrust coefficient maintaining torque coefficient and minimize torque coefficient maintaining thrust coefficient In case of optimization minimizing torque coefficient, torque coefficient was decreased 5.5% comparing with baseline configuration. As a result of optimization regarding to maximizing thrust coefficient, thrust coefficient was increased 2.8% than that of baseline configuration.
INTRODUCTION
An unmanned aerial vehicle (UAV) is an aircraft with no human pilot aboard. UAVs were developed for military in the initial stage but nowadays used in a number of civil applications such as policing, filming and shipping. The power sources of UAVs are obtained from a tilt rotor or multi-rotors, turboprop engine. Among them, Multi-rotor UAVs are able to take off and land vertically like helicopter and it is easy to operate at the narrow space. Depending on increasing uses in many ways, the researches for multi-rotor UAV were conducted (Hoffmann, 2007 , Bristeau, 2009 , Hrishikeshavan, 2012 . Also, the optimal design researches were performed to improve the performances of a rotor at the design stage. In the past, a few researches were performed to enhance performances of a rotor. Pape et al (2005) conducted the optimization of helicopter rotor aerodynamic performance on hover. Fuglsang et al (1999) studied the optimization method for wind turbine.
In the present study, the optimization was performed based on the CFD technique to improve the performances of a rotor using a GA (Michalewicz, 1996) and ANN (McCulloch, 1943 , Broomhed, 1988 . Design variables such as pitch angle, chord length, and thickness were adopted to perform the design optimization. Two cases of design optimization were carried out. The objective functions were set to minimize torque coefficient maintain thrust coefficient and maximize thrust coefficient maintaining torque coefficient.
DESIGN OPTIMIZATION METHODS
Aerodynamic design optimization was conducted using a GA and ANN. In Fig 1, a detail flow chart of the optimization framework is shown. At first, the performances for the various geometries corresponding to the different design variables are predicted using the flow solver and collected to construct the initial database for the design variables and the object functions. The function based on the initial database is approximated by using learning procedure of ANN. Next, a GA is used to search the optimum point for the approximated function. Finally, optimum shape for the approximated function is validated by using the flow solver. When the difference limitation of between the performances of the ANN prediction and the flow solver is satisfied, the optimization procedure is completed. Otherwise, the CFD calculation result is added to the database, and optimization procedure is repeated until the ANN prediction is agreed to the CFD validation. 
NUMERICAL METHOD
To analyze flow around multi-rotor UAV rotor blades, Reynolds-Averaged Navier-Stokes(RANS) equations which governs three-dimensional, viscous, compressible flows was used The governing equations may be written in an integral form for a bounded domain V with a boundary V  as
where
is the vector of the conservative flow variables. The governing equations were discretized by using a vertex-centered finite-volume method on unstructured meshes. The inviscid flux, () FQ , was calculated using Roe's flux difference splitting scheme (Roe, 1981) , while the viscous flux, () GQ , was computed by adopting a central differencing. The source term, () SQ , was used for rotor blades rotating on a Z axis with constant rotating speed to reduce computational time. The flow solver was also coupled with a genetic algorithm to perform aerodynamic design optimization. The Spalart-Allmaras (1992) one-equation model was adopted for a turbulence modeling. The Venkatakrishnan (1995) limiter is used to prevent the nonphysical oscillations. The flow solver was parallelized for the efficient calculation. 
VALIDATION OF FLOW SOLVER
For validation of flow solver, the calculations were made for Caradonna Tung rotor blade (Tung, 1984) . The Reynolds number is 1,920,000 and tip Mach number of a rotor is 0.439. The results are compared with experimental data in Fig. 2 . A good agreement is observed.
COMPUTATIONAL MESH
The geometry of a rotor is that the radius is 0.2m and the aspect ratio is 6.92. The computational mesh was generated as shown Fig. 3 . A single blade was modelled using a periodic boundary condition. Prismatic cells of 18 layers were constructed. The grid spacing of the first layer was selected such that y + value was about unity. The remainder of the computational domain was constructed by using tetrahedral elements. The mesh consisted of 4.3 million cells and 1.4 million nodes. 
DESIGN CONDITIONS
The flow conditions are shown in Table 1 . The RPM range for Multi-rotor UAV is 5000 to 7000 RPM. Flow analysis was conducted at 6000 RPM. The design variables such as chord length, thickness, and pitch angle on five radial positions of 0.25R, 0.44R, 0.62R, 0.80R and 0.98R were used. To construct the initial database, the design variables were randomly selected using improved Latin hypercube method and the initial mesh was deformed within the range of design variables in Table 2 . The number of the initial database is 800. 
OPTIMIZATION RESULT

MINIMIZATION OF TORQUE
At first, the design optimization was conducted to minimize the torque. The performance before and after design optimization are summarized in Table 3 . It is shown that significant improvement is obtained in the object function satisfying the constraints conditions such that thrust coefficient is similar to and the torque coefficient is smaller than those of the baseline Multi-rotor shape. Table 4 . At the positions from 0.62r/R to 0.80r/R, the pitch angles of the optimized Multi-rotor shape are increased. On the other hand, the thicknesses are decreased to the lower limits of design variables at the positions from 0.44r/R to 0.98r/R. In case of the chord lengths, those are increased at all positions. For more detail analysis, the static pressure coefficients along the chord are presented at four stations of 0.273R, 0.5R, 0.7R and 0.9R in Fig 5. The pressure difference near mid chord at all reference sections and pitch angle at the 0.273R for optimized shape are smaller than those of baseline Multi-rotor configuration. Due to those features, the torque is decreased comparing to that of baseline configuration. To satisfy the constraint condition, the pressure difference near leading edge at the 0.5R and 0.7R and chord lengths at all reference sections for optimized shape are increased. 
MAXIMIZATION OF THRUST
Finally, the design optimization was conducted to maximize the thrust. The results of design optimization are summarized in Table 5 . It is shown that the trust coefficient of the optimized Multi-rotor configuration is improved about 2.8% satisfying the constraints conditions such that the torque coefficient is similar to that of baseline configuration. In Fig 6 , the sectional shapes of baseline and optimized rotor are presented. The design variables of the optimized shape are summarized in Table 6 . For the optimized configuration, at the positions from 0.62r/R to 0.98r/R, the pitch angles are increased comparing to that of baseline configuration. And also the thickness is increased at 0.25r/R positions. In case of the chord lengths, as with the previous results of minimization of torque, those are increased at all positions. The static pressure coefficients are compared in Fig. 7 . The pressure difference near the leading edge at the 0.7R and chord length at all reference sections for optimized shape are larger than those of baseline configuration. Due to those features, the thrust is increased comparing to that of baseline configuration. To maintain the constraint, the pitch angle is reduced at the 0.273R and the pressure difference near mid chord for optimized shape is smaller than that of baseline configuration. As a results, the torque are maintained comparing to that of baseline shape. 
CONCLUSION
In the present study, the optimization was conducted to enhance the performances of a rotor using a GA and ANN. To validate the flow solver, the calculations were performed for Caradonna Tung rotor. Design variables such pitch angle, chord length, and thickness were adopted to conduct the design optimization. The objective functions were specified to maximize thrust coefficient maintaining torque coefficient and minimize torque coefficient maintaining thrust coefficient In case of an optimization minimizing torque coefficient, torque coefficient was decreased 5.5% comparing with baseline configuration. As a result of an optimization regarding to maximizing thrust coefficient, thrust coefficient was increased 2.8% than that of baseline configuration.
